On 7th August 2019, an impact flash lasting ∼ 1s was observed on Jupiter. The video of this event was analysed to obtain the lightcurve and determine the energy release and initial mass. We find that the impactor released a total energy of 96 − 151 kilotons of TNT, corresponding to an initial mass between 190 − 260 metric tonnes with a diameter between 4 − 10m. We developed a fragmentation model to simulate the atmospheric breakup of the object and reproduce the lightcurve. We model three different materials: cometary, stony and metallic at speeds of 60, 65 and 70 km/s to determine the material makeup of the impacting object. The slower cases are best fit by a strong, metallic object while the faster cases require a weaker material.
INTRODUCTION
Among the planets in the Solar System, Jupiter has the most intense gravitational field and the largest effective cross section. Giant impacts caused by objects of sizes 2 to 0.5 km have been observed in July 1994 (the famous series of impacts from the fragments of the comet Shoemaker-Levy 9; Harrington et al. 2004 ) and July 2009 (Sánchez-Lavega et al. 2010 respectively. These large impacts leave large aerosol debris fields in the planet's atmosphere visible for weeks to years (Hammel et al. 1995 (Hammel et al. , 2010 Sánchez-Lavega et al. 1998 , 2011 . Impacts by smaller objects (sizes around 10-m) occur far more often and the impacts of 5 objects have been observed as short flashes of light on Jupiter with a duration about 1 second and peak brightness comparable or smaller than the Galilean satellites. These impacts were discovered by amateur astronomers operating small telescopes and using fast video cameras (Hueso et al. 2010 (Hueso et al. , 2013 (Hueso et al. , 2018b . The first of these small impacts occurred in June 2010 and was simultaneously observed by two observers using color filters in red and blue light. Hueso et al. (2010) analyzed this event obtaining calibrated light curves from the 1s flash. The conclusion was that the flash event was caused by the impact of an object with a diameter in the range of 10 m, releasing an energy comparable to an object of about 30 m impact-E-mail: rshankar2012@my.fit.edu ing Earth's atmosphere. Later events have been analyzed by Hueso et al. (2013) and Hueso et al. (2018b) . A review of these impacts is available in Christou et al. (2019) . Hueso et al. (2018b) present a comparative study of all previous flash impacts on Jupiter and suggest an impact rate of similar objects of about 10-65 impacts per year with only a fraction of them being potentially observable from Earth in a perfect continuous survey of the planet (4-25 impacts per year).
The discovery of new small impacts on Jupiter requires numerous observations with a cadence high enough to detect short flashes of 1-2 seconds and at least a modest quality atmospheric seeing. For instance, if the impact rate of these objects is high and 25 impacts occur each year in the visible side of Jupiter, discovering a new impact would require about 100 hours of observation time for a probability of 30% of discovering a new impact. Such observations at 30 frames per second would imply the search of a faint brief flash in 10 million frames. However, if the impact rate is in the lower range above, a probability of 30% of discovering a new impact would require acquiring observations over 600 hours, which is clearly not possible for any existing observing facility. Only the ensemble of amateur observers can observe Jupiter for such a long period of time and new impacts in the planets will most likely continue to be found by amateur observers. However, the flashes are brief and faint and could be unnoticed by an observer after hours of observing the planet. In fact, as reported in Hueso et al. (2018b) , most observers of previous impacts did not see the flash initially and only found it later when visually reviewing their data in some cases many days later.
Since 2012 we have developed a software tool called De-TeCt that performs differential photometry of video observations of Jupiter and can identify flash impacts in the planet. The development of the software was partially funded by the Planetary Space Weather Services of the Europlanet-2020 Research Infrastructure and is maintained by M.D. in a dedicated website 1 . DeTeCt is documented in Hueso et al. (2018a) and is now widely used by around 100 observers who run the software over more than 123,000 video observations equivalent to 3240 hours of observation.
On August 7th 2019, one of the observers who run De-TeCt regularly used the software over several videos acquired that night. The software identified a new impact in the planet, the sixth flash impact on Jupiter. The impact was recorded with an excellent seeing and at a fast frame rate of 82 frames per second allowing to retrieve the best-quality light curve of flash impacts on Jupiter. Here we describe the initial observations, the analysis of this impact and models that can fit the characteristics of the light-curve of the video observation. In section 2.1 we present the observations and the light curve of this event. In section 2.2 we calculate the energy released by the impact and a mass estimate of the impactor. In section 3 we present a fragmentation model that is used to fit the light curve. We present and discuss the results of that fit in section 5.
OBSERVATIONS

Impact detection and raw lightcurve
The last flashing impact on Jupiter was recorded on August 7th 2019 at 04:07:30 UTC by Ethan Chappel, an amateur observer who was observing Jupiter with an 8" aperture telescope and a ASI 290MM camera using a Chroma red filter and acquiring images at a rate of 83 frames per second (fps). The flash was captured by the video camera but not observed directly by E.C. on the screen. Instead, the flash appeared on a routine analysis of video observations using the software DeTeCt, which was designed to find short flashes of light on Jupiter video observations (Hueso et al. 2018a) . DeTeCt coregisters image frames in a video observation correcting effects of atmospheric turbulence and performs an analysis of differential photometry of the video to find short-lived flashes producing a report of the analysis and a detection image ( Figure 1) . Results from the use of DeTeCt by several observers will be discussed elsewhere.
The flash was located in the South Equatorial Belt at about 60°W of the Great Red Spot at planetographic latitude of 19°S. Figure 2 shows a processed version of videos obtained close to the impact with the impact superimposed and based on the few dozens frames when the impact was visible and bright. Later observations recorded by E.C. on the same night, including an observation at the strong methane absorption band in 890nm, did not show any visible feature 1 http://www.astrosurf.com/planetessaf/doc/project_ detect.php in the planet at the impact's location ( Figure 2 ). Later observations of the same area acquired by several observers on different wavelengths did not show an impact feature in the planet.
We analyzed 250 frames of the red filter video with the impact with a pipeline that coregisters the individual frames and performs aperture photometry on the impact location. We tested different apertures and concluded that the best photometry was obtained with an aperture mask of 12 pix in radius and subtracting the background signal estimated from an outer annulus with inner radius of 14 pix and outer radius of 17 pix ( Figure 3 ). The light-curve produced is shown in Figure 4 and contains significant structure with a central bright peak, a second peak and a decay. The flash was visible for a minimum total time of 1.16 and possibly 1.55 s when looking at subtle brigthness variations of the area. This range of durations is very similar to previous impacts in the planet (Hueso et al. 2018b ).
Energy and mass estimate
At the peak of its brightness, the impact was as bright as 0.082% of Jupiter, equivalent to a +5.3 magnitude star, or as bright as Jupiter's moon Io. This brightness is similar to previous flash impacts on Jupiter but the degree of structure in the light-curve is higher allowing us to perform a more in depth analysis.
To obtain the total released energy, we approximated the luminous energy in all wavelengths by assuming that the emitted light was blackbody radiation (B λ (T)) between 3500-10000 K (Hueso et al. 2013) . By integrating the lightcurve in the red filter, we obtain an energy of E red = 4.99 × 10 12 J, or about 1.19 kt of TNT. This is converted to the luminous energy, assuming a blackbody emission of temperature T using
where S r (λ) is the wavelength-dependent camera quantum efficiency convolved with the filter transmittance ( Fig 5) .
To determine the total impact energy, we use the relation from Brown et al. (2002) , given by
where E is the total kinetic energy and E 0 is the luminous energy, both in kt of TNT. Given the range of temperatures, the luminous energy of this bolide is between 15.9 kt to 26.7 kt. The corresponding total impact energy is between 96 to 151 kt. Due to the non-linearity of the conversion from filter to impact energy, the average energy cannot simply be determined as the average of this range. We assume that all blackbody temperatures in the given range are equally probable, and accordingly obtain a distribution of impact energies. For the remaining analysis, we use the mean of this distribution of E = 112 ± 15 kt. Consequently, the lightcurve in the red filter is converted to total energy loss by multiplying by the factor,
Assuming the impactor fell with a velocity between 60− 70 km/s, the corresponding mass of the object is between 190 − 260 tonnes.
FRAGMENTATION MODEL
To model the lightcurve, we implemented a fragmentation model based on Avramenko et al. (2014) and Wheeler et al. (2017) . In this model, the meteor is treated as single, fractured body, with an initial bulk strength σ 0 . The speed v, mass M, height h and angle θ with respect to the horizontal for the object's motion in the atmosphere is given by
where S is the cross-section area, C D is the drag coefficient and σ ab is the ablation coefficient (the amount of evaporated material per unit energy in kg/J). ρ a is the atmospheric density as a function of height. When the ram pressure,
exceeds the strength of the body (σ), it is fragmented into a number of equal-sized objects which travel together. The smaller bodies are less fractured and assumed to have a higher strength given by a Weibull-like relation (Weibull 1951) ,
where M 0 is the total mass of the body and M fr is the mass of each fragment. The number of equal-sized fragments is given by
and the mass of each fragment is
where ρ m is the bulk density of the main body. The cross-sectional area of the bolide can decrease as mass is ablated, or increase as the object fragments. Fragmentation occurs when the object is experiencing pressure higher than its bulk strength. Therefore, the rate at which the cross-sectional area changes is given by
where C fr is a dimensionless parameter describing how tightly held the fragments are. We use C D = 0.92 (Carter et al. 2009 ), g = 24.0 m/s, R p = 70000 km as fixed constants for all test cases. The atmospheric density profile was constructed by solving the hydrostatic balance given the temperature-pressure profile adapted from Deming & Harrington (2001) (Fig 6a) and assuming a dry atmosphere with a constant molar mass of M atmo = 2.28. The corresponding density profile is shown in Fig 6b. By convention, h = 0 corresponds to the 1 bar pressure level.
Aside from fragmentation described above, we also allow for the main body to break up into several discrete fragments, which are modelled as independent objects under the same principles, similar to Palotai et al. (2019) . We prescribe the mass of the fragment, location (i.e. dynamical pressure) of each fragmentation event and C fr of the new fragments. If needed, the new fragments can also have a different strengthscaling relation α and bulk strength σ 0 . Therefore, in total, we have the following free parameters: initial velocity, flight angle, α, σ 0 and ρ m of the main body. The initial mass is calculated from energy conservation, i.e.
For each fragmentation event, we have M, P release , C fr and optionally σ 0 and α. These parameters are determined by doing a trial-and-error fit of the lightcurve. To simplify the parameter space, we assume that these independent objects only break from the main body; they do not further disintegrate into independent bodies.
TEST CASES
On Earth, the trajectory of the bolide can be determined using video cameras that record the impact from different veiwpoints. The trajectory is used to calculate an energydeposition profile as a function of height. The trajectory defines the impact geometry (initial velocity and angle), while the energy deposition profile helps constrain the material properties (material strength/density). For jovian impactors, it is not possible to obtain these initial parameters. Therefore, in our case, we test three separate types of objects: cometary (ρ m = 500 kg/m 3 ), chondritic (ρ m = 2500 kg/m 3 ) and iron-nickel (ρ m = 5000 kg/m 3 ). For each case, we test three initial velocities: v = 60 km/s, 65 km/s and 70 km/s, which covers the range of impactor velocities on Jupiter. For each velocity, we compute the initial mass from (13) and diameter from the assumption of a perfect sphere. A list of the test cases is shown in Table 1 . For different material types, the key difference is the bulk strength (σ 0 ) and the ablation coefficient (σ ab ). In general, a lower bulk strength causes the meteor to be disrupted higher up, and thus flare for longer (i.e. the peaks are wider). A high strength meteor has a narrow and tall peak flare. To reduce the number of free parameters for the different cases, we fix these two values for each material type and assume they do not change during breakup. Inhomogeneities in the object are thus represented by discrete fragments rather than during disruption.
Cometary
The cometary case has a low initial bulk strength and a high σ ab . We use an initial bulk strength of 10 kPa (Trigo-Rodríguez & Llorca 2006) and an ablation coefficient of σ ab = 2 × 10 −8 kg/J (Type A from Ceplecha 1988) . A higher ablation coefficient results in the meteor evaporating before reaching the first peak.
Stony
For the stony cases, bulk strengths are a strong function of porosity and structure, varying between ∼ 0.1 − 1 MPa (Popova et al. 2011) , with more massive meteors having a lower strength. Since it is difficult to effectively test the differences between porosities, we use a fixed value of 0.5 MPa for stony meteorites. For the ablation, we use a value of σ ab = 2 × 10 −9 kg/J, corresponding to an ordinary chondritic meteor from Ceplecha (1988) .
Iron-nickel
Due to the low number of studied iron fireballs, the bulk strength is poorly constrained. The compressible strength tested using the recovered fragments can reach ∼ 100 MPa (Chyba et al. 1993 ), but this is usually orders of magnitude greater than the bulk strength for the entire body due to the presence of cracks/fractures. We expect a tightly packed iron meteor to have a bulk strength higher than that of the stony case. Above ∼ 5 MPa bulk strength, disruption occurs only near the main peak, which makes it difficult to create the earlier flares. At a bulk strength of about 2 MPa, disruption happens at between t ∼ −0.4s, which is consistent with the main flare. Therefore, for our iron cases, we use σ 0 = 2 MPa. On the other hand, ablation is much more prominent for iron meteors since the high thermal conductivity allows the higher temperatures to penetrate the interior, causing faster melting. Revelle & Ceplecha (1994) find that the ablation coefficient for known iron meteors is between σ ab ∼ 10 −9 − 10 −7 kg/J from 6 observed fireballs. The lower end is similar to the value used for stony meteroids. Above σ ab ∼ 2 × 10 −8 kg/J, the ablation is too strong to produce the last two peaks. Therefore, for the iron case, we use σ ab = 10 −8 kg/J, which is in the middle of the range determined by Revelle & Ceplecha (1994) .
For these nine test cases, we vary all other parameters to match the lightcurve as close as possible. To quantify the results in each, we calculate the average absolute residual and the difference in peak energy release between the modelled and observed lightcurves.
RESULTS AND DISCUSSION
The results from the nine cases are shown in Fig 7. The input parameters for the main body for the different cases is shown in Table 2 . The individual fragmentation points for each case are detailed in Tables A1-A9. The main flare is best matched by Case 3 (iron-nickel at 60 km/s), while the lowest residual is for Case 8 (stony at 70km/s), although the residuals for Cases 7 and 3 are similar. For the slow cases, the flares for the weaker material is too wide, as the material ablates for longer, and higher up. The iron case is able to penetrate into greater depths (reaching terminal altitudes of ∼ 60 − 70km), resulting in a sharp disintegration as the bolide reaches the denser atmosphere. For the fast cases, the cometary case is able to reproduce the shape of the peaks, but the iron case burns too quickly to produce the necessary energy at depth to match the peak intensity.
The fits for different entry angles of the bolide for the 60 km/s iron-nickel material (Case 3) is shown in Figure 8 . In this case, the θ = 65°case best matched both the strength and the width of the peaks, and was chosen as the most likely scenario. A steep entry angle caused the impactor to reach the deeper atmosphere quickly and thus resulted in a sharper and taller peaks. In the θ = 80°case, it can be seen that the shapes of the main peaks are well matched, but the width of the last two are slimmer than observed. Contrarily, a shallow entry angle caused the meteor to ablate longer before reaching the altitude of disruption. This made it difficult to reproduce the energy release from the later flares, as is evident in the θ = 20°case where there was insufficient mass to reproduce the flares. The method to determine the parameters for the other cases were done with a similar fashion.
The cometary case required various inhomogeneities in the material makeup to match the observed lightcurve. For all velocities, the smooth bump at −0.2s, −0.1s and the peak at 0.2s required higher strength scaling coefficients compared to the main object. Decreasing the strength scaling of these peaks caused them to be thinner than observed and also shift earlier in time, due to the fragments having a smaller material strength. Furthermore, in all the cometary cases, the drop in brightness at −0.45s is not resolved. The last two peaks at 0.2 − 0.4s are also non-symmetric and burn slowly to a sharp drop compared to the more gaussian-like appearance of the observed lightcurve. A lower ablation rate is necessary to match these features. For the 70 km/s case, the main flare with its two peaks are matched well, although the last peak during the decay is much lower than observed. The cometary meteors peak at an altitude of ∼ 140 − 150 km, at an atmospheric pressure of ∼ 0.5 hPa and reach a terminal depth of ∼ 120 − 130 km (pressure of ∼ 1 − 2 hPa).
For all three velocities, the stony meteor produces essentially the median result: the lightcurve is followed for the most part, but the peaks are too wide and fall short of the observed energy release. However, all three stony cases are better matches to the earlier part of the lightcurve (between t ∼ −0.6 to −0.2s), reproducing both the drop at −0.45s and the three successive flares, especially in the 65 km/s case. The 70 km/s stony case (Case 8) has the smallest residual, but falls short on both the main and secondary peaks. The main peak is also wider than observed, although the last three peaks are well modelled. A lower ablation coefficient increases the strength but widens the shape of the peaks. The stony meteors reach much lower depths compared to the cometary impactors, peaking at an altitude of about 100 − 120 km (P ∼ 3 − 10 hPa) and have a terminal depth of about 80 − 90 km (P ∼ 10 − 20 hPa).
The 60km/s iron meteor (Case 3) produces the best match of the main peak and decay. Increasing the velocity, however, reduces the goodness of fit. The 70km/s case ablates too quickly early on to maintain the required energy for the main peak. The flares before ∼ 0.2s are poorly modelled. It is likely that the outer layers of the object, which contribute to the earlier part of the lightcurve, are weaker than modelled here and are similar to the eroding dust grains (Borovička et al. 2007; Borovička et al. 2013 ). These dust grains produce a gradual increase and decrease in brightness (a "hump") and are followed by a deceleration of the main body. Due to the lack of direct observational constraints on the velocity, it is not possible to model such fragments well. As expected, the iron meteors reach the deepest altitudes, peaking at about 80 − 90 km (P ∼ 10 hPa) and terminating at about 60 − 70 km (P ∼ 20 − 30 hPa).
Regardless of composition and velocity, the first two peaks at t = −0.5s and t = −0.4s are modelled by weak fragments (on the order of the initial strength of the main body). The release of these fragments occurs before the main body is disrupted for the stony and iron-nickel meteors. For the cometary cases, these fragments have a material strength similar to the dynamic pressure experienced by the bolide when the release occurs.
Conversely, the last three peaks after the main flare require fragments that are stronger than the main body. We interpret these fragments to consititute the "nucleus" of the body where the grains are packed much tighter than the outer layers and fractures are minimal. In some cases the ratio of the fragment strength to main body was more than an order of magnitude (Cases 1, 2, 4, 7, 9) , while in others, the ratio was lower (Cases 3, 5, 6). Such large gradients in material strength have been observed on bolides on Earth (Avramenko et al. 2014; Wheeler et al. 2018) .
These cases are sensitive to material strength and ablation coefficient, and a further study of these values are necessary to refine our model parameters, especially for the cometary and metallic cases. Without the data on energy deposition at different heights, however, it is difficult to successfully distinguish small differences in material makeup. Further parameterization is likely needed to explain the differences seen here, such as the addition of chain fragmenting for child fragments. Implementing a self-consistent modelling framework for fragmentation is necessary before the Table 1 . We calculate the average residual of each case from the observed lightcurve, as defined in Table 2. parameter space is expanded, but this is challenging given the trial-and-error nature of the analysis.
Furthermore, the higher velocity cases required a shallower entry angle to better fit the lightcurve. This results in the peak and end height of all three velocity cases being roughly similar (to within ∼ 10 km), probably a consequence of the assumption of constant material strength and ablation coefficient for each material type. Impact geometry can have large effects on terminal depth (Pond et al. 2012) , and requires further investigation, especially for jovian impactors. In our model, terminal depth is a strong function of discrete fragmentation events, thus making a direct relation between impact geometry and altitudes difficult. A more rigorous study of the parameter space is necessary to probe this relation.
Nevertheless, we find several distinguishing features be-tween different materials for a given entry velocity and angle. Cometary meteors ablate heavily on the leading edge compared to the trailing edge, making the flares less symmetric. Ablation and disruption also occurs higher up for these objects given their low bulk strength, making the lightcurve from a cometary impactor brighter than observed before the main flare.
Chondritic and iron meteors produce sharper and slimmer peaks due to penetrating deeper into the atmosphere before being disrupted. The shapes of the peaks are, in most cases, better fits to the observation with less inhomogeneities compared to the cometary cases. Meteor disruption for these materials also happens at the start of the main flare, as opposed to before the initial flare. Consequently, it is more probable that the impactor was chondritic/metallic rather than cometary. For the slower cases, a higher ablation coef- Table 2 . Slight changes to P release and σ 0 (Table A3) for the individual fragmentation events were needed to match the lightcurve. For the θ = 20°case, it was not possible to produce the last three peaks because there was insufficient mass after the main flare. ficient (i.e. metallic object) is a better match. For the high velocity case, a lower ablation rate (i.e. stony material) produces much better fits, as a strong, but highly ablating meteor loses too much mass before its first peak. The flares before −0.2s are best modelled by a weak outer layer and the last peaks during the decay are indicative of strong nucleus.
CONCLUSION
We analysed an observation of an impact flash on Jupiter by Ethan Chappel on August 7th 2019 and obtained the lightcurve using differential photometry of the impact area over coregistered images. The total energy release from the impact was between 96−151 kt depending on the assumption of luminous efficiency, which corresponds to a mass between 190−260 metric tonnes. We developed a fragmentation model where we input the physical parameters of the bolide such as entry velocity, angle and material makeup to model the energy release from the bolide. We considered three materials (cometary, stony and iron) at three velocities (60, 65 and 70 km/s) and modified the parameters of the model using a trial-and-error to match the lightcurve.
We find that the most likely scenarios are a strong, slow bolide, or a fast, weak impactor made of a combination of stony and iron material. For intermediate velocities, the stronger material is preferred to produce both the shape and intensity of the discrete fragmentation peaks. The initial flares are best reproduced by material that is weaker than required to produce the main peak, such as an envelope of dust grains. The last three peaks in the lightcurve require very strong material, likely corresponding to the densest parts of the object. The impactor was too small to leave a debris field in the jovian atmosphere.
This impact event was recorded with an unprecedented quality that allowed the detailed modelling presented in this paper. We expect that future detections of impacts will be done with similar fast high-quality cameras allowing for a partial determination of the physical characteristics of small objects impacting Jupiter. 
